Antimicrobial peptides (AMPs) are considered to be a promising alternative to conventional antibiotics for future generations. We identified four novel hexapeptides with antimicrobial activity: KCM11 (TWWRWW-NH 2 ), KCM12 (KWRWIW-NH 2 ), KCM21 (KWWWRW-NH 2 ), and KRS22 (WRWFIH-NH 2 ) , through positional scanning of a synthetic peptide combinatorial library (PS-SCL). The ability of these peptides to inhibit the growth of a variety of bacteria and unicellular fungi was evaluated. KCM11 and KRS22 preferentially inhibited the normal growth of fungal strains, whereas KCM12 and KCM21 were more active against bacterial strains. Bactericidal activity was addressed in a clear zone assay against phytopathogenic bacteria, including Pectobacterium spp., Xanthomonas spp., Pseudomonas spp., etc. KCM21 showed the highest activity and was effective against a wide range of target organisms. Application of KCM21 with inoculation of Pectobacterium carotovorum subsp. carotovorum on detached cabbage leaves resulted in an immune phenotype or a significant reduction in symptom development, depending on the peptide concentration. Cytotoxicity of the four hexapeptides was evaluated in mouse and human epithelial cell lines using an MTT test. The results revealed a lack of cytotoxic effects.
Bacterial diseases of plants are extremely problematic for the commercial agriculture industry because they are difficult to control and often precipitate disastrous economic consequences [1, 32] . Current methods of controlling plant diseases rely primarily on the use of copper derivatives and antibiotics [31] . However, the utility of these compounds is limited owing to the emergence of antibiotic-resistant strains, regulatory constraints, and environmental and public health concerns. Recently, antimicrobial peptides (AMPs) have been intensively studied as an alternative to conventional antibiotics. Natural AMPs (usually less than 50 amino acid residues in length) have been isolated from virtually all groups of organisms, including bacteria, fungi, plants, and animals [30, 35] . AMPs display tremendous sequence diversity and size variation but share common structural features, which include a net positive charge and amphipathic structure that facilitate their interaction with negatively charged biological membranes. Since cationic amino acid residues are abundant in AMPs, they are often called cationic antimicrobial peptides (CAMPs). In contrast to traditional antibiotics, AMPs possess certain advantages. For example, they show a broad spectrum of activity or target organism specificity depending on the AMP, low cytotoxicity against eukaryotic cells, and unique modes of action and cellular targets that are related to the low occurrence of resistant strains [8, 13, 34] .
Over the past decade, more than 900 natural AMPs have been isolated from various organisms (to view the database, visit http://www.bbcm.units.it/~tossi/) and their ability to kill various pathogens, including bacteria, fungi, viruses, and protozoa, have been reported [23, 30] . However, native defense peptides have some limitations for practical use owing to their low level of activity and poor bioavailability. Many synthetic analogues have been designed to overcome these limitations, resulting in improved antimicrobial activity. Some engineered synthetic peptides have been expressed in transgenic plants and have shown activity in vivo [23, 25, 29] . However, the isolation and characterization of new native peptide antibiotics, and the engineering and optimization of new synthetic analogs from native peptides require a tremendous expenditure of time, money, and effort for each candidate sequence. The combinatorial chemistry approach is considered to be another alternative capable of screening a diverse pool of individual peptides in a short period of time and identifying those that have new or improved properties [3, 7, 20] .
Currently, there is a lack of control agents that are highly effective against economically important plant pathogens, such as the bacteria Xanthomonas spp., Pectobacterium spp., and Pseudomonas spp., which cause a serious loss of yield under both field and postharvest conditions [1, 9] . This study was designed to discover new AMPs for the control of diseases caused by these phytopathogens. To this end, a synthetic combinatorial library was screened through a rapid positional scanning procedure that was described previously [6] . The four most effective antimicrobial hexapeptides were selected and their antimicrobial activity was evaluated using more than 20 phytopathogenic bacteria as well as some human pathogenic fungi. The cytotoxicity and actual potential to control plant disease in vivo were evaluated as well.
MATERIALS AND METHODS

Microbial Strains and Culture Conditions
The strains used in this study are listed in , and 15 ml of glycerol in 1 l of distilled water) or Luria-Bertani (LB) medium (10 g tryptone, 5 g yeast extract, and 10 g NaCl in 1 l of distilled water). Lactobacillus brevis was grown in deMan-Rogosa-Sharpe (MRS) medium ( 
Synthesis of Peptide Libraries and Individual Peptides
A positional scanning synthetic peptide combinatorial library (PS-SCL) package was purchased from the Peptide Library Support Facility (PLSF) of Pohang University of Science and Technology (POSTECH, Pohang, Korea). The peptide library was synthesized by solid-phase methods and simultaneous multiple peptide synthesis using N-(9-fluorenyl) methoxycarbonyl chemistry [12] . The hexapeptide SCL was synthesized in so-called PS format as previously described [16] . Mixture (X) positions were composed of a mixture of 19 amino acids (excluding cysteine) with relative ratios suitably adjusted to yield a close-to-equimolar ratio. Each amino acid was synthesized ). Individual peptides were purchased from Peptron Co. (Daejeon, Korea). Each peptide was purified by preparative reverse-phase high-pressure liquid chromatography with a Shiseido Capcell Pak C18 column (Tokyo, Japan). Peptide identity was confirmed by mass spectrometric analysis on an HP 1100 series LC/MSD (HewlettPackard Co., Palo Alto, CA, U.S.A.). Each peptide, except watersoluble KRS22, was dissolved in 50% dimethyl sulfoxide (DMSO) and stored at -20 o C after aliquoting. The final concentration of 10× stock solutions was 5 mM. The peptide grand average hydropathicity index (GRAVY) [18] was calculated using a Web-based tool (http:// www.expasy.org/tools/protparam.html).
In Vitro Antimicrobial Activity Assay Peptide antimicrobial activity was measured in vitro using a microtiter plate assay as previously described [21] . Ninety µl of freshly diluted overnight culture (with a final concentration of 5×10 5 cells after 16 to 24 h incubation) was mixed with 10 µl of peptide mixture from the PS-SCL. Growth rate was measured during 16 or 48 h incubation, depending on the strain, at 595 nm (A595) in a Bio-Rad microplate reader 550 (Japan). For all treatments, at least three replicates were prepared. The mean blank A595 value from one row of mock inoculations was subtracted from the A595 value for each well, and the mean and standard deviation (SD) were then calculated for each treatment.
The assay for inhibition of growth by sequence-defined peptides was essentially the same. Two concentrations of peptides were applied: 10 µM and 100 µM. One hundred eighty µl of freshly diluted overnight culture (adjusted to 5×10 5 cells) was mixed with 20 µl of 10× peptide stock solution and incubated for 16 to 48 h with gentle shaking (80 rpm). The OD was measured at 595 nm and the relative survival value was determined. For the fungal strains, the same basic treatment was applied except that the initial concentration was adjusted to 1×10 5 cells.
Minimal Effective Concentration
To visualize the activity of the selected hexapeptides, a growth inhibition assay was performed on solid medium. The lowest concentration that created a clear zone was defined as the minimal effective concentration (MEC) [11, 14, 37] . A 1 mM peptide stock solution was serially diluted 1:1 seven times in sterile water. A 5 µl aliquot of each sample was then spotted onto a plate and allowed to dry for 15 min. The first spot of each series contained 5 nmole of peptide. The plate was overlaid with 7 ml of soft top agar (0.7% w/v) mixed with 100 µl (10 6 cells) of the indicator strain. Each treatment was performed in triplicate. Plates were photographed after 24 h incubation at 30 o C. The results were expressed as the total amount of hexapeptide (nmoles) that was spotted onto the solid medium. When formation of a turbid zone followed formation of a clear zone of inhibition, the MEC was taken to be the average of the final two dilutions.
Leaf Inoculation Test
Five leaves of fresh Chinese cabbage (Brassica rapa var. pekinensis subtype won bok) were detached and surface sterilized by spraying with diluted commercial bleach solution (5%, v/v). Leaf surfaces were spray-washed with sterilized water and gently blotted with a paper towel. After air drying for 15 min, the leaves were wounded by puncturing at three sites using a pencil cap (0.7 cm in diameter). A 10 µl suspension (1×10 7 CFU/ml) of an overnight culture of the soft rot pathogen Pectobacterium carotovorum subsp. carotovorum (PCC) was applied to the wounded leaf surface. For the peptide treatment, 10 µl of 50, 100, or 200 µM KCM21 solution was applied 1 h before or 1 h after inoculation or concomitantly with the bacterial suspension. For each treatment, five replicates were inoculated. Treated leaves were maintained at 28 o C and 85% relative humidity. Symptom development was scored for 2 days by measuring the diameter of the rotted tissue. A mock inoculation or peptide inoculation without bacteria did not produce any symptoms under these conditions (data not shown).
In Vitro Cytotoxicity Test
Three human cell lines and one mouse cell line were used for the in vitro toxicity test: human endometrial cancer cell line Hec1A incubator prior to exposure to 100 µM peptide dissolved in 1% DMSO solution. Treated cells were examined for viability as determined by their ability to reduce 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT). Detection of the cellular conversion of MTT to water-insoluble colored formazan was performed according to the procedure described previously [26] . Briefly, after 24 h treatment, 50 µl of MTT (Sigma) was added to the solution and incubated for 3 h. One hundred fifty µl of DMSO was then added, followed by shaking for 10 min to release the formazan.
RESULTS
Selection of Antimicrobial Hexapeptides Through Screening of a PS-SCL
For the PS-SCL assay, the growth rate was measured to evaluate the effective inhibition of each amino acid residue at a defined position [4, 19] . The phytopathogenic bacterium Xanthomonas campestris pv. vesicatoria strain 833 (XCV833) was used as a test strain. A number of mixtures were strongly inhibitory, and there were clear differences between inhibitory and non-inhibitory mixtures (Fig. 1) . The PS-SCL assay was also performed with the Gram-positive phytopathogenic bacterium Clavibacter michiganensis subsp. michiganensis (CM) and the broad-spectrum phytopathogenic bacterium Ralstonia solanacearum race 3 (RS3). Although there were some variations, the assay with CM identified similar amino acid residues at the same positions as did the assay with XCV833 (see below for details), whereas no obvious inhibitory effects on RS3 were detected ( Table 2 ).
In the initial assay with strain XCV833, the mixtures that showed significant inhibition of growth were found in all six positions, indicating that all of these positions are important. In this assay, lysine, arginine, and tryptophan residues were selected at positions 1 and 2, and a histidine residue was additionally selected at position 2; phenylalanine, histidine, lysine, arginine, and tryptophan were selected at position 3; phenylalanine, arginine, and tryptophan were selected at position 4; isoleucine, arginine, and tryptophan were selected at position 5; and phenylalanine, histidine, arginine, and tryptophan were selected at position 6. Results of the assay with CM showed a less obvious difference between inhibitory and non-inhibitory tubes, especially at positions 1 and 2. Based on this assay, the selected residues were lysine and tryptophan at position 1, tryptophan at position 2, arginine and tryptophan at position 3, and arginine and tryptophan at positions 4, 5, and 6. Most of the residues identified from this assay share common features with the amino acid residue profile of the initial assay. Although only a few library mixtures showed activity at each position, integration of the results generated a large number of potential combinations for further testing. The selected amino acid residues are either positively charged (arginine or lysine) or contain aromatic rings (tryptophan or phenylalanine) or both (histidine). The predominant appearance of these types of residues corresponds to results from previous studies [4, 13, 19] .
In our deconvolution process, the first set of individual hexapeptides was designed based on the results of the initial screening with XCV833. This set contained 9 different hexapeptides of which 6 are simple peptides and 3 are compound peptides containing more than a single amino acid at each position: 
Peptide activity levels were evaluated by measuring the relative survival rates of bacterial strains XCV833, CM, RS3, and PCC (data not shown). Among the first nine individual hexapeptides, the compound peptide KIIC-1 had the highest activity, whereas KRS-1 had the highest activity among the six simple peptides. However, KIIC-1 exhibited low-to-moderate cytotoxicity when evaluated by the MTT test (data not shown). The second set of 11 simple peptides was designed based on the integration of the results from the three library screenings as well as the composition of KIIC-1 (Table 3 ). ECM1 and ECM2 were designed with residues that either did not inhibit growth or slightly enhanced growth (Fig. 2) , and they were used as secondary negative controls in addition to a mock control in subsequent experiments.
Comparison of Hexapeptide Activity
Relative bacterial survival rates in the presence of each of the second set of hexapeptides were evaluated (Fig. 2) . The relative survival rate of the Gram-negative bacterium XCV833 was less than 0.3 in the presence of KCM11, KCM12, KCM21, KCM22, KCM23, KRS22, and KIIC-1 at the high concentration (100 µM). At the low concentration (10 µM), the relative survival rate of XCV833 was less than 0.3 in the presence of only two hexapeptides, KCM12 and KIIC-1. The relative survival rate of the Gram-positive bacterium CM was less than 0.3 in the presence of KCM11, KCM12, KCM21, KCM23, KRS22, and KIIC-1 at the high concentration and was less than 0.3 in the presence of only three hexapeptides, KCM11, KCM21, and KIIC-1, at the low concentration. Among the simple hexapeptides, KCM11 showed the highest activity against XCV833 and CM at the high concentration. However, the activity of KCM11 against XCV833 was diminished at the low concentration. The activity of KCM12 against XCV833 was lower than that of KCM11 at the high concentration, whereas its activity was higher than that of KCM11 at the low concentration. The activity of KCM21 against XCV833 and CM was similar to that of KCM11. KRS22 showed high activity against XCV833 and CM at the high concentration, but its activity was drastically reduced at the low concentration. Based on these results, four hexapeptides, KCM11, KCM12, KCM21, and KRS22, were selected for further study.
Activity Profiles of the Selected Hexapeptides
The growth inhibition assay was extended to examine the activity profiles of the selected hexapeptides against various bacteria, including Gram-negative strains Ralstonia solanacearum (RS1 and RS3) and E. coli (DH5α), and Gram-positive strains Bacillus subtilis (BS), Corynebacterium glutamicum (CG), and Lactobacillus brevis (LAB) (Fig. 3) . The four hexapeptides exhibited differences in specificity. In general, they were more active against Gram-positive strains; the relative survival rate of Gram-negative strains was up to 100%, whereas that of Gram-positive strains was up to 20% (Fig. 3) . The inhibitory activity of the four hexapeptides varied depending on the species as well. Whereas KCM12 and KCM21 showed high activity against E. coli DH5α, the activity of these peptides against Ralstonia spp. was low. KRS22 showed significant activity against the two Ralstonia strains even though its overall activity against the other bacteria was relatively low compared with the other three hexapeptides. KCM11 showed relatively low activity against the Gram-negative strains but its activity against the Gram-positive strains was high. The growth inhibition assay was also extended to include the non-filamentous human fungal pathogens Candida krusei (CKR), Candida tropicalis (CTR), and Saccharomyces cerevisiae (S5321) (Fig. 4) . Among the four hexapeptides, KCM11 was the most effective against Candida spp., whereas KRS22 had a significant effect on the growth of S5321. KCM12 and KCM21, which had a large effect on E. coli DH5α, showed low activity against all of the fungal pathogens tested. This result indicates that the hexapeptides may be more specific for either fungal or bacterial pathogens.
Clear Zone (MEC) Assay of Bactericidal Activity
In order to determine whether the selected hexapeptides are actually bactericidal, we subjected them to the clear zone assay to measure the MEC against 20 phytopathogenic strains (Table 4) . Whereas KCM21 showed the highest activity against most of the strains tested, KRS22 showed the lowest activity. The activity of KCM12 and KCM11 varied depending on the species. Among those tested, the species that was the most sensitive to KCM12 was Xanthomonas oryzae pv. oryzae (XOO) ( Table 4 ). All three strains of XOO showed similar sensitivity to KCM11, KCM12, and KCM21. However, XOO599 was more sensitive to KRS22 than were the other two strains (Table 4) . It is Relative rate of survival was compared among non-filamentous human pathogenic fungi in the presence of 100 µM of each hexapeptide. Growth was measured by a spectrophotometer at 600 nm after 21 h incubation.
Relative survival values were calculated based on the value obtained for the non-treated control. CKR: Candida krusei; CTR: Candida tropicalis; S5321: Saccharomyces cerevisiae 5312.
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noteworthy that all of the bacterial strains grown in LB were sensitive to at least three hexapeptides; however, PCC and PP were insensitive to KCM11 as well as KRS22. KB is a differential medium that supports the growth of pseudomonads and related species, such as Ralstonia spp., Acidovorax spp., and Burkholderia spp. Some pseudomonads can be grown in LB medium as well (Table 5 ). In order to determine whether bactericidal activity is affected by the growth medium, Pseudomonas syringae pv. tomato DC3000, which can be grown in both KB and LB, was subjected to the clear zone assay on each medium. As shown in Fig. 5 , there was a significant difference in the size of the clear zone depending on the medium. This result was confirmed using other bacterial strains (Table 5) .
Evaluation of Cytotoxic Effects by the MTT Test
The cytotoxic activity of the four hexapeptides was determined using normal endometrial stroma cells and Hec1A human endometrial cancer cells (Fig. 6 ). Since the hexapeptides (100 µM) were dissolved in 1% DMSO, their cytotoxicity was compared with a 1% DMSO control. DMSO alone showed some cytotoxicity. The relative survival rates of the normal cell line and the cancer cell line were 0.6 and 0.5, respectively. None of the four hexapeptides showed any cytotoxicity when compared with the DMSO control. Interestingly, the normal cell line was less sensitive to the hexapeptides than the cancer cell line. The noncytotoxic effect of the selected hexapeptides was confirmed with the normal human gingival fibroblast cell line HGF-1 as well as the mouse embryonic cell line NIH-3T3 (data not shown).
In Vivo Activity of KCM21
In order to determine whether the hexapeptides actually stop the infection process in vivo, we chose a bacterial soft rot model system in which Chinese cabbage was the host and PCC was the pathogen. KCM21 at three different concentrations (50, 100, and 200 µM) was applied one hour before (B), one hour after (A), or concomitantly with (C) inoculation (Fig. 7) . When KCM21 was applied before inoculation, no effect on symptom development was detected at any of the peptide concentrations. However, both the post-inoculation and concomitant treatments had a significant effect on symptom development. The strongest inhibition A primary culture cell line (human endometrial stroma cells) and a human endometrial cancer cell line (Hec1A) were subjected to the MTT test. Treatment with 1% DMSO was used as a control. Fig. 7 . Effect of KCM21 on development of symptoms caused by PCC.
In each Chinese cabbage leaf, top, middle, and bottom spots were injected with 200, 100, and 50 µM of KCM21, respectively, either concomitantly with (C), one hour before (B), or one hour after (A) pathogen inoculation. Inoculated leaves were maintained at 28 o C and 85% relative humidity, and then photographed 2 days later. of tissue damage was achieved when the peptide was applied concomitantly with the inoculum. Whereas symptom development was not affected by treatment with 50 µM KCM21, treatment with 100 µM peptide resulted in about a 40% reduction in the diameter of rotted tissue, and treatment with 200 µM peptide completely stopped symptom development (Fig. 8) .
DISCUSSION
The four AMPs selected in this study contain several hydrophobic/aromatic amino acid residues and one or two positively charged residues, and their composition profiles are in agreement with those of many previously reported AMPs [13] . All four peptides have a net positive charge and negative GRAVY (Table 6 ). KCM12 and KCM21 have two positively charged amino acid residues, whereas KCM11 and KRS22 have only one. In terms of GRAVY, KCM21 has the highest hydrophobicity (-2.0) and KRS22 has the lowest (-0.367). The molecular mass of the peptides is around 1 kDa and ranges from 943.09 kDa for KRS22 to 1,046.21 kDa for KCM21.
In the growth inhibition experiment, the four selected hexapeptides showed activity against a variety of organisms, including Gram-positive and Gram-negative bacteria, Candida, and yeast, although the activity against yeast was relatively low (Figs. 3 and 4) . However, it should be noted that there is a certain degree of specificity for target organisms. So far, the determinant for target organism specificity has not been well elucidated; however, there are reports that suggest a sequence-activity relationship. Lopez-Garcia et al. [19] demonstrated that a single residue substitution abolished the activity of the antifungal hexapeptide PAF20 and closely related peptides. They also showed that very closely related fungi within a genus or species were insensitive to PAF20 and suggested that some unknown component may be responsible for the specificity of both the peptide and the fungi tested. Altering antimicrobial properties by making minor changes in amino acid sequence have been reported elsewhere [5, 15] . In this study, a variation in peptide activity within species was evident. For example, the sensitivity to KCM12 differed significantly between XAL and XCV833 (Table 4 ). In addition, among the XOO strains, XOO599 was more sensitive to KCM21 and KRS22, indicating that differences in specificity can exist even at the subspecies level.
The clear zone assay was performed with a variety of phytopathogenic strains to determine whether the peptides actually kill bacterial cells. All the strains tested were Gram-negative except for Clavibacter michiganensis subsp. michiganensis (CM). Interestingly, KCM11 showed relatively low activity against most of the bacterial strains; however, it showed high bactericidal activity against CM. This result indicates that KCM11 may have specificity for CM or Gram-positive bacteria in general. It is noteworthy that KCM11 is the only hexapeptide selected that contains a threonine residue in the first position; the other residues are common among the selected peptides. Munoz et al. [27] reported that adding an amino acid residue to the first position of hexapeptide PAF26 changed its specificity, and its activity strongly depended on the type of amino acid added.
KCM12 and KCM21 are very similar in terms of amino acid composition as well as target organism specificity. Both peptides showed high activity against most of the Gram-negative bacterial strains tested (Table 4) and both have a net charge of +2. However, KCM21 has higher hydrophobicity as well as higher activity. On the other hand, KRS22 showed relatively low activity against most of the bacterial strains tested in the clear zone assay, and it has the lowest hydrophobicity and net charge (+1) among the four peptides. These data suggest that higher hydrophobicity could be another factor affecting activity, although sequence specificity may be a prerequisite for bactericidal activity. The correlation between hydrophobicity or net charge and bactericidal activity has been reported in many studies. Chen et al. [10] modified the hydrophobicity of an AMP by systematically replacing leucine residues with less hydrophobic alanine residues or vice versa, and showed that higher hydrophobicity was correlated with higher killing Three different concentrations of KCM21 were applied to leaves concomitantly with (C), one hour before (B), or one hour after (A) pathogen inoculation. The diameter of rotted tissue was measured 2 days after inoculation. activity. They also suggested that high antimicrobial activity could be obtained by choosing peptides from within an "optimum hydrophobicity window"; selecting peptides with hydrophobicity levels outside this window could result in a dramatic decrease in antimicrobial activity [10, 22, 27] . In the growth inhibition assay, KRS22 showed substantial activity against RS1 and RS3 in KB. However, in the clear zone assay, this hexapeptide showed no bactericidal activity, even at the highest concentration (Table 4 ). This result indicates that KRS22 may have bacteriostatic activity and weak bactericidal activity. In general, there is not always a precise distinction between bacteriostatics and bactericides; high concentrations of most bacteriostatic agents are also bactericidal, whereas low concentrations of bactericidal agents are only bacteriostatic (e.g., tetracyclines, sulfonamides, spectinomycin, etc.).
In the clear zone assay, a group of species were identified that showed insensitivity to all four hexapeptides (Table 4) . Since these strains, which include Ralstonia spp. and Burkholderia spp., are related to Pseudomonas spp., all of them were grown on KB plates. KB is a differential medium that is used to distinguish between fluorescence-producing subtypes of pseudomonads. It contains 6 mM MgSO 4 as a mineral and glycerol as a carbon source. Aside from the nutritional value of these components, glycerol is known to be a membrane stabilizer; therefore, its presence in the medium may reduce the activity of AMPs due to stabilization of lipid bilayers. In addition, it has been reported that increasing the ionic strength of the medium weakens electrostatic charge interactions that are necessary for initiating peptide-target interactions, thereby potentially reducing antimicrobial activity [36] . AMP antimicrobial activity is also counteracted to varying degrees by physiological concentrations of divalent cations (e.g., 1-2 mM Mg 2+ and Ca
2+
), monovalent cations (e.g., 100 mM Na + and K + ), and polyanions [13] . Besides the electrostatic charge interaction, there is another mechanism to explain the antagonistic role of divalent cations in this context. In many species of Gram-negative bacteria, the charge on the outer membrane is controlled by the PhoPQ regulon. Bader et al. [2] suggested a model in which the PhoQ sensor is activated during the binding of AMPs by the displacement of divalent cations from PhoQ metal binding sites. Upon activation of the membrane-bound PhoQ sensor, which has a highly acidic surface, the membrane becomes more positively charged, resulting in increased tolerance to AMPs. All of these findings support the notion that highly stringent media or high concentrations of divalent cations may inhibit the action of KRS22 in KB.
When the hexapeptides were evaluated by the MTT test, there was no indication of cytotoxicity (Fig. 6) . The basis for the differences in target membrane specificity between microbes and multicellular organisms has been well established. In the case of microbes, anionic lipids are present on the outer surface of the membrane, whereas in mammalian cells they are present along the cytoplasmic side of the membrane. This feature may account for the preferential activity of AMPs against bacteria versus mammalian cells. Cholesterol, which stabilizes lipid bilayers and may interact with peptides in target membrane, is known to reduce the activity of AMPs in mammals [24] .
The bacterium Pectobacterium carotovorum subsp. carotovorum (PCC) is one of the main pathogens that cause soft rot in a variety of economically important crop plants belonging to Cruciferae as well as Solanaceae. PCC is one of the most problematic pathogens in the agricultural industry worldwide owing to its broad host range and ability to infect intact plants as well as vegetative tissue after harvest. The development of effective control agents that could keep vegetative tissue fresh without any cytotoxic effects is an especially critical issue for the fresh-cut industry. The hexapeptides selected in this study are well suited for this purpose, since they are natural substances that can be easily digested in the human body without any cytotoxicity. When the effect of KCM21 on the development of soft rot symptoms caused by PCC was evaluated in the detached leaf assay under controlled conditions, antimicrobial activity was dramatically affected by peptide concentration as well as application order (Fig. 7) . Pretreatment of leaves with hexapeptide one hour before inoculation did not show any effect at any concentration. This result may be due to either rapid degradation of the hexapeptide or tissue damage that may have occurred during peptide application, which would facilitate the PCC infection process. However, significant effects were observed with the concomitant as well as the post-inoculation treatments. A dose-dependent effect was observed in the concomitant treatment (Fig. 8) . The reverse correlation between concentration and the diameter of rotted tissue provides strong evidence that KCM21 was the determinant for inhibition of symptom development.
Many AMPs have been studied, but only a few are available for practical use. Despite the unique advantages of these peptides, which include a low risk of occurrence of resistant strains and environmentally friendly properties, their low stability, potential toxicity, and cost of production restrict their utility. There have been many attempts to improve the properties of AMPs or develop application systems. Lopez-Garcia et al. [19] synthesized hexapeptide PAF19 with either all D-or all L-amino acids and demonstrated that both forms have high antimicrobial activity as well as potential for disease control. The activity of the D-enantiomer was maintained over a long period of time whereas the activity of the L-enantiomer was significantly reduced after 48 h, mainly due to proteolysis. These results suggest that using D-enantiomers may be a useful approach to improving AMP stability. An alternative approach is the use of peptidomimetics [28] . Expression of AMPs in transgenic plants could provide another means of conferring protection against pathogens [25] . Because of the short length of KCM21, a modification strategy such as fusion to or cleavage from a longer polypeptide should be considered. In a parallel approach, the selected AMPs could be expressed in biocontrol microorganisms to achieve enhanced bioactivity [17, 33] . For this application to be successful, plant immunity or tolerance to the selected biocontrol agent would be a prerequisite [19] .
Overall, the PS-SCL method has proven its value for the rapid selection of AMPs. This approach could be easily expanded for the control of human pathogens or for personal infection care [13] . Other advantages of this system are its flexibility and its potential to select previously unknown functional peptides in any biological system. Although intensive studies have been conducted on antibiotics, new antibiotics with different modes of action will be needed in perpetuity. PS-SCL methods can provide rich pools of antibiotics to meet this need. If these techniques are coupled with combinatorial chemistry and targeted peptide modification, more antimicrobials with improved properties could be identified.
In this study, the screening of synthetic peptide combinatorial libraries rapidly identified biologically active hexapeptides that killed a variety of phytopathogenic bacteria as well as inhibited the growth of some human pathogenic fungi. These peptides had no cytotoxic effect on mouse and human cell lines. The potential application of the very short peptide KCM21 to plant protection was evidenced in vivo.
